Losses of heterozygosity are the most common molecular genetic alteration observed in human cancers. However, there have been few systematic studies to understand the mechanism(s) responsible for losses of heterozygosity in such tumors. Here we report a detailed investigation of the five chromosomes lost most frequently in human colorectal cancers. A total of 10,216 determinations were made with 88 microsatellite markers, revealing 245 chromosomal loss events. The mechanisms of loss were remarkably chromosome-specific. Some chromosomes displayed complete loss such as that predicted to result from mitotic nondisjunction. However, more than half of the losses were associated with losses of only part of a chromosome rather than a whole chromosome. Surprisingly, these losses were due largely to structural alterations rather than to mitotic recombination, break-induced replication, or gene conversion, suggesting novel mechanisms for the generation of much of the aneuploidy in this common tumor type.
A neuploidy is a nearly ubiquitous feature of both common epithelial cancers and experimentally transformed cells (1) (2) (3) (4) (5) . It is thought that these chromosome changes may be required for malignancy for one of two reasons. First, tumor suppressor genes present anywhere within the lost regions of chromosomes will be deleted from the cell, leading to abnormal growth control if the first allele is mutationally inactivated or silenced (6) (7) (8) . Second, losses and gains of chromosomal regions have the capacity to alter patterns of gene expression, precisely tailoring them to optimal growth in the abnormal microenvironment within neoplasms (9, 10) . Chromosome losses and gains are driven by a chromosomal instability that persists throughout the lifetime of tumor cells (11) . Only a few human cancers have been shown to lack aneuploidy, and these generally have a different form of instability that involves subtle sequence changes rather than gross chromosomal events (12) .
At the molecular level, aneuploidy is reflected in allelic imbalance and often is associated with losses of heterozygosity (LOH), i.e., loss of one of the parental alleles present in the patient's normal cells (13) . In the first study to use DNA polymorphisms to evaluate allelic losses in cancer, it was observed that several potential mechanisms might have contributed to the loss of chromosome 13q in retinoblastomas (13) (14) (15) (16) . Surprisingly, however, the mechanisms underlying the thousands of LOH that since have been reported in other cancers have not been a focus of study, with rare exceptions (17) (18) (19) (20) . Instead, most investigations have concentrated on defining the minimal regions of loss of specific chromosomes in various cancers in an effort to identify the putative tumor suppressor genes targeted by the losses. Because knowledge about the mechanisms involved in generating LOH may have significant implications for understanding the pathogenesis of cancer, we have performed detailed molecular genetic and cytogenetic studies of LOH in colorectal cancers. The results, described below, provide insights into the processes underlying aneuploidy in this common tumor type.
Materials and Methods
Colorectal Cancer Cell Lines. Because primary tumors always contain nonneoplastic cells, a reduced but not absent signal from one allele can never be interpreted unambiguously by molecular techniques. To circumvent this difficulty, we analyzed early passage cell lines passaged in vitro or in nude mice, in which allele losses were unambiguous. It has been shown previously that the genetic alterations in such cell lines usually are indistinguishable from those found in the primary tumors (21) (22) (23) (24) . Surgically removed colorectal tumors were disaggregated and implanted into nude mice or into in vitro culture conditions as described previously (21, 25) . Fifteen of the lines were passaged in vitro and an additional 47 lines were passaged in nude mice, and DNA was prepared at early times (Ͻ3 passages) after their establishment. DNA was purified by following standard SDS-proteinase K digestion and phenol-chloroform extraction. The lines studied represented all those available to us in which (i) normal tissue was also available for analysis and (ii) microsatellite instability was not observed in any of five mononucleotide and dinucleotide markers (26, 27) . The latter requirement was made because such instability precludes analysis with the polymorphic markers used (28) and because it has been shown previously that tumors with microsatellite instability do not commonly acquire karyotypic changes or LOH events (11) .
Allelic Loss Analysis. Primers for each of the five chromosomes analyzed were obtained from Research Genetics (Huntsville, AL). Mapping and sequence information for each of the markers can be obtained from the authors. A subset of the marker data on chromosome 18 has been published previously (21) ; all other results are reported here for the first time, to the best of our knowledge. To label primers, one primer of each pair was end-labeled with [␥-32 P]ATP and T4 polynucleotide kinase, and amplifications were carried out in 96-well plates in 10-l reaction volumes (21) . The reaction mixtures contained 67 mM Tris⅐HCl (pH 8.8), 16.6 mM ammonium sulfate, 6.7 mM magnesium chloride, 10 mM 2-mercaptoethanol, 6% DMSO, 100 M each of dATP, dGTP, dCTP, and dTTP, 0.02 mM each of the primers, 10 ng of DNA template, and 0.5 l of Platinum Taq (GIBCO͞ BRL). An initial denaturation at 95°C for 2 min was followed by 30 cycles, each carried out at 95°C for 30 sec, 55-60°C for 1 min, and 70°C for 1 min. ʈ To whom reprint requests should be addressed at: The Johns Hopkins Oncology Center, 1650 Orleans Street, Baltimore, MD 21231. E-mail: lengauer@jhmi.edu.
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pretreated with RNase and pepsin as described previously (29) . P1 clones were labeled with biotin-16-dUTP and͞or digoxigenin-11-dUTP by nick translation. FISH was performed by following standard procedures (30) . Biotinylated probes were detected with Texas Red Avidin-DCS. Digoxigenin-labeled probes were detected with FITC-conjugated sheep antidigoxigenin and donkey anti-sheep mAbs. Cells were counterstained with 0.05 g͞ml 4Ј,6-diamidino-2-phenylindole. Photographs were taken by using a charge-coupled device camera (Princeton) mounted on a Nikon E200 microscope (31) .
Results
To understand the mechanisms through which losses of heterozygosity are generated in a common cancer, we studied a panel of colorectal cancers with a large number of highly polymorphic markers spanning the five chromosomes lost most frequently in this disease. We used only early passage cell lines and xenografts for this purpose, because only such pure populations of cells allow distinction between true losses of heterozygosity vs. allelic imbalance from gains of chromosomes. The lines studied represented all those available to us in which normal tissue also was available for analysis and in which microsatellite instability was not observed. A total of 10,216 assays were carried out, using 88 markers dispersed among the five chromosomes at an average distance of 8.8 cM. The assays revealed 245 separate loss events, with at least 29 loss events observed for each of the five chromosomes studied.
Chromosome Arm Specificity. The first result apparent from these studies was a remarkable specificity with respect to chromosome arm loss. Thus, 32 of the tumors lost markers from chromosome 1p without losing any marker from chromosome 1q, whereas only one tumor lost markers from chromosome 1q without losing any part of chromosome 1p (Fig. 1) . On chromosome 5, all 29 losses observed involved the q arm, and none involved the p arm alone. Similar arm-specific losses were observed on chromosomes 8, 17, and 18 (Table 1) . These results strongly imply that LOH is due to highly specific events coupled with clonal selection for cells that have lost tumor suppressor genes on the short arms of chromosome 1, 8, and 17 and the long arms of chromosomes 5 and 18 (33, 34) .
Whole Chromosome vs. Partial Chromosome Loss. Each of the chromosomes was affected by LOH in a high frequency of cases, ranging from 47% (chromosome 5) to 78% (chromosome 18). However, the mechanisms underlying these losses were strikingly chromosome-specific. For example, 33 cases of chromosome 1 LOH were noted, and, in each case, only part of chromosome 1, rather than the whole chromosome 1, was lost. In marked contrast, the majority (80%) of losses of chromosome 18 involved the whole chromosome (Figs. 1 and 2 and Table 1 ). On chromosomes 5 and 8, partial losses were predominant, whereas on chromosome 17, there was a roughly equal mixture of partial and whole chromosome losses (Table 1) . Of the 245 losses of chromosome arms, 139 (57%) involved part of a chromosome and the remaining 106 (43%) appeared to involve the whole chromosome.
In view of this dichotomy, it was of interest to determine whether the patterns of chromosome loss were specific to individual tumors rather than to individual chromosomes. Of the 62 cancers tested, 58 (94%) exhibited LOH of at least one of the five chromosomes analyzed. Of these 58, 42 (78%) exhibited partial loss of one chromosome and complete loss of another. Thus, both processes occurred in most cancers analyzed. Mechanisms Underlying LOH. Several basic mechanisms have been considered to account for LOH: mitotic nondisjunction, loss of a segment of chromosome resulting from a deletion event, mitotic recombination between two homologous chromosomes, break-induced replication, recombination between two nonhomologous chromosomes (translocation), and gene conversion (13, (35) (36) (37) (38) . Some of these patterns can be distinguished by the patterns of marker loss. In addition, we used FISH to help elucidate the mechanism in selected cases. Although we could perform FISH only on a subset of the total cases analyzed (xenografts and cell lines that did not passage well in vitro could not be used), these examinations proved informative. Mitotic nondisjunction likely was responsible for those cases undergoing loss of an entire chromosome as assessed by LOH analysis. This conclusion was buttressed by FISH analyses of five cases by using whole chromosome-specific paint probes that hybridized along the length of chromosomes 17 or 18 (examples in Fig. 3 A and B) . Interestingly, in each of these five cases, there were two, three, or four apparently intact copies of the tested chromosome. These cases therefore were homozygous rather than hemizygous for all loci on chromosomes 17 and 18. Both the allelotyping and FISH data pointed to an abnormal mitotic division in which the two chromatids of one chromosome segregated to a single-daughter cell, whereas neither chromatid of the sister chromosome segregated to this daughter cell. In some cases, such an abnormal mitotic division was followed by a reduplication of the chromosome.
In those cases undergoing loss of only part of a chromosome, we expected the major mechanism to be mitotic recombination (13, (35) (36) (37) (38) (39) . However, FISH analysis revealed that in each of nine cases analyzed, there was a gross structural alteration of the chromosome containing the loss (examples in Fig. 3 C and D) .
In each of these cases (four on chromosome 5, three on chromosome 8, one on chromosome 17, and one on chromosome 1), the involved chromosomes could be observed to be fused with other chromosomes, and complex intrachromosomal recombinations could be excluded. Thus, the losses of heterozygosity observed in these cases must have been derived by interchromosomal recombinations and deletions associated with DNA double-strand breaks rather than through simple, homologous mitotic recombination, break-induced replication, or gene conversion.
Discussion
Our studies confirm the high prevalence of losses of specific chromosomal regions in epithelial cancers. The arm specificity component of the data suggests further that most LOH events are selected for during tumor development and are not simply ''passenger'' changes. The data implicating chromosome-specific mechanisms for loss are consistent with previous karyotypic data (3, (40) (41) (42) . For example, karyotypes of colorectal cancers often reveal loss of an entire chromosome 18, consistent with a mitotic nondisjunction event (34, 41) . However, our FISH data on the cases exhibiting only subchromosomal losses were unexpected. Based on previous studies of human cancers, we anticipated that these losses would be the result of processes that did not involve structural rearrangements of chromosomes, such as mitotic recombination (13, 35, 37, 38) . Recent mechanistic studies in murine cells also have suggested that LOH in tumors is likely to result from mitotic recombination (39) . Indeed, had we not performed FISH, our allelotyping studies and standard karyotypes of these tumors (data not shown) also would have suggested mitotic recombination to be the major mechanism involved. The differences between our study and previous ones may be due to the different cell types analyzed. There have been very few detailed studies of the mechanisms underlying LOH in common forms of human cancer, and current views are based largely on classic studies of retinoblastomas (13, 36, 38) . Although our conclusions are based on a relatively small number of cases, they are unbiased in that we examined every cancer cell line in the cohort in which high-quality mitoses could be obtained. In every case analyzed, the losses of whole chromosomes detected by allelotyping were found to be associated with duplications or triplications of the remaining chromosome. In addition, in every case analyzed, the partial losses of chromosomes detected by allelotyping were found to be associated with gross structural changes associated with interchromosomal recombinations. Our data are consistent with recent spectral karyotype and Multiplex-FISH data indicating a far higher prevalence of structural chromosomal abnormalities in cancers than indicated by classic cytogenetics or suspected from LOH analyses (43, 44) . Based on this information, it can be predicted that much of the LOH observed in other common human cancers will prove to be due to structural changes rather than mitotic recombination.
We therefore propose a model for aneuploidy in human cancer cells that involves two separate defects. The first to occur, perhaps at the earliest stage of tumorigenesis (45) , involves defects that lead to abnormalities in chromosome number in the absence of chromosome structural changes. Such defects may include those affecting cell cycle checkpoints and centrosome number (46) . These defects would explain the aneuploidy present in benign tumors (45, 47, 48) and would account for those cases in our study involving whole chromosome loss. The second proposed defect, however, cannot be accounted for by such well studied mechanisms. This defect presumably results in a higher frequency of structural changes in chromosomes associated with interchromosomal recombination, perhaps resulting from chromosome breakage and fusion events. More than half of the loss events observed in colorectal cancers was attributable to this second type of defect. The mechanisms responsible for such alterations are mostly obscure. Because such events likely begin with double-strand breaks, however, it is possible that they arise from defects in the double-strand repair-recombination machinery (e.g., ref. 49 ). Accordingly, recently developed techniques for evaluating yeast chromosomal breakpoints at the molecular level could prove valuable (50, 51) , pointing to human genes that lead to high rates of structural alterations when mutated.
Fig. 3. Examples of FISH analysis of colorectal cancers with LOH. (A and B)
Although LOH analyses showed that this cancer lost both chromosomes 17 and 18, FISH showed three intact copies of chromosome 17 (painted yellow in A) and two intact copies of chromosome 18 (painted red in B). (C and D) Another colorectal cancer suffered loss of the short arm of chromosome 8 as assessed by molecular LOH analyses. Multicolor FISH analysis with a chromosome 8-specific paint probe (red) and a P1 clone mapping to 8p22 (yellow) revealed translocation of the involved chromosome 8 to another chromosome coinciding with the loss of its short arm (arrowhead). In addition, one intact chromosome 8 (arrow) and two isochromosomes 8q (asterisks) could be observed. (D) Same chromosome spread counterstained with 4Ј,6-diamidino-2-phenylindole (blue).
